Abstract A type of electrical discharge called sliding discharge was developed to generate plasma aerodynamic actuation for flow control. A three-electrode plasma sheet actuator driven by repetitive nanosecond pulses with a negative DC component was used to generate sliding discharge, which can be called nanosecond-pulse sliding discharge. The phenomenology and behaviour of the plasma sheet actuator were investigated experimentally. Discharge morphology shows that the formation of nanosecond-pulse sliding discharge is dependent on the peak value of the repetitive nanosecond pulses and negative DC component applied on the plasma sheet actuator. Compared to dielectric barrier discharge (DBD), the extension of plasma in nanosecond-pulse sliding discharge is quasi-diffusive, stable, longer and more intensive. Test results of particle image velocimetry demonstrate that the negative DC component applied to a third electrode could significantly modify the topology of the flow induced by nanosecond-pulse DBD. Body force induced by the nanosecond-pulse sliding discharge can be approximately in the order of mN. Both the maximum velocity and the body force induced by sliding discharge increase significantly as compared to single DBD. Therefore, nanosecond-pulse sliding discharge is a preferable plasma aerodynamic actuation generation mode, which is very promising in the field of aerodynamics.
Introduction
Plasma flow control, based on plasma aerodynamic actuation, has become a newly-emerging research area in the international aerodynamic field for its promising applications in improving aircraft aerodynamic characteristics and propulsion efficiency. Compared to other techniques for flow control such as mechanical flaps or wall jets, the main advantages of plasma flow control are the absence of mechanical parts, robustness and quick response which allows real-time control at a high frequency [1∼7] .
Low-temperature surface weakly-ionized discharge has been widely used as the generation mode of plasma aerodynamic actuation for flow separation control [1∼7] . In general, the control mechanisms for changing the flow structure and profile include the 'dynamic effect', 'shock effect' and 'substance inbeing change' [7] . The 'dynamic effect' indicates the gas flow acceleration induced by momentum transfer between ions and neutral gas molecules in the process of plasma directional movement. The 'shock effect' indicates local pressure and temperature rise when the neutral gas is ionized instantaneously. The 'substance inbeing change' indicates the characteristic change in the flow component, viscidity and heat transfer by plasma. As the ionization degree is very low, a 'substance inbeing change' is negligible in most circumstances. Increase of the induced gas flow velocity and generation of strong perturbation can enhance the effect of flow separation control [7] .
Dielectric barrier discharge (DBD) and DC corona discharge are two types of surface discharge used most frequently to generate plasma aerodynamic actuation. However, DC corona discharge is not a steady discharge, due to the appearance of corona-to-arc transition under certain conditions [8] . DBD, as the most widely used discharge for subsonic airflow control, is steady because of the presence of dielectric materials. Nevertheless, the extension of plasma area is limited, which might be a crucial drawback for large scale applications.
Recently, a new type of electrode configuration, which can be called 'plasma sheet actuator', interests several research groups due to its stable generation of the diffusive non-equilibrium plasma [8∼13] . BY-CHKOV et al. analyzed the possibility of applying slid-ing discharge in the aerodynamic field and presented data on sliding discharge [9] . LOUSTE et al. generated sliding discharge on a new type of plasma actuator and observed its electrical properties [8] . MOREAU et al. studied the electrical and electric wind characteristics of sliding discharge [10] . SOSA et al. investigated the electrical, plasma and flow characteristics of a quasisteady sliding discharge [11, 12] . In these investigations, the AC high voltage applied to the plasma sheet actuator is of continuous sine wave in a frequency of 1 kHz to 20 kHz and an amplitude of up to 30 kV [8∼12] . From the viewpoint of enhancing the efficiency in flow control and reducing power consumption, a nanosecond pulse may be superior to the continuous sine wave [5,13∼19] . ROUPASSOV et al. confirmed the effectiveness of nanosecond pulse periodic discharge to control boundary layer separation in a range of Mach number of 0.05 to 0.85 [5] . Nevertheless, the discharge generated by continuous sine wave can only effectively control the boundary layer separation in a Mach number range below 0.2 [13] . OPTAIS et al. studied the surface charge buildup and its effect on the performance of DBD plasma actuators driven by repetitive voltage pulses added to a DC bias [14] . However, the plasma actuator used is not a three-electrode plasma sheet actuator. The repetitive voltage pulses and the bias voltage are superimposed on the same electrode using an electric circuit to avoid interference between the pulse power supply and the low-frequency power supply [14] . In this paper, a three-electrode plasma sheet actuator driven by repetitive nanosecond pulses with a negative DC component is used to generate sliding discharge, called as 'nanosecond-pulse sliding discharge'. The phenomenology and the behaviour of the plasma sheet actuator are investigated experimentally.
Experimental setup

Plasma sheet actuator
A schematic diagram of the plasma sheet actuator used in this study to generate the sliding discharge plasma aerodynamic actuation is shown in Fig. 1 . The dielectric layer is a RO4350B plate with a thickness of 1 mm and a relative permittivity constant of 3.48. The electrodes are made of copper covered with a thin layer of lead-tin film. Electrodes 1 and 3 are air-exposed on the top surface of the dielectric layer, while electrode 2 is below the dielectric layer and isolated from air by silica gel sealed on it. The width of electrodes 1 and 3 is 2 mm, while that of electrode 2 is 30 mm, with all their lengths 90 mm. A x-y coordinate system is also shown in Fig. 1 .
The plasma sheet actuator is driven by repetitive nanosecond pulses with a negative DC component, which can be achieved by applying repetitive nanosecond pulses on electrode 1 and applying a negative DC voltage on electrode 3 with electrode 2 grounded. The output voltage (V P , peak value) and the pulse repetition frequency of the nanosecond-pulse power supply are 0 kV to 50 kV and 0 kHz to 5 kHz, respectively. The half-amplitude duration is about 50 ns with a load of 68 Ω. The output voltage of the DC power supply can be adjusted in a range of 0 kV to −60 kV. 
Diagnostic system
The experimental arrangement and the x-z coordinate system is shown in Fig. 2 . Synthetic measurement is used to measure the discharge and flow characteristics of nanosecond-pulse sliding discharge plasma aerodynamic actuation. The velocity and vorticity of the gas flow induced by nanosecond-pulse sliding discharge are investigated by using particle image velocimetry (PIV, 2D Flowmaster, Lavision). The PIV set-up consists of a Litron doublepulsed Nd:YAG laser system as the light source and a Lavision ProX 2M camera to record the images. The camera is operated in the shuttered mode at a frame rate of 30 Hz with a single image exposure time of 1 ms. The air is seeded by vaporization of mineral oil with a mean size of about 0.3 µm.
The time-averaged body force is measured with an electronic balance (Mettler Toledo, AB 204-S). To measure the body force, the plasma sheet actuator is mounted on a stand which is placed on the electronic balance. For the sake of electromagnetic shielding, the electronic balance is put in a Faraday cage. The data from the PIV system and the electronic balance are recorded and analyzed by a computer.
The nanosecond pulse voltage v p (t) applied to electrode 1 is measured by a high voltage probe (P6015A, Tektronix). The discharge current i(t) is measured by a current probe (TCP312, Tektronix) and amplified by a current amplifier (TCPA300, Tektronix). Both voltage and current signals are recorded using an oscilloscope (DPO 4104, Tektronix). The electrical power consumption is calculated using P elec = 1/T T 0 v(t)i(t)dt with v(t) the potential difference between electrode 1 and electrode 3.
3 Results and discussion
Morphology of the discharge
The pulse repetition frequency of the nanosecondpulse power supply is fixed at 1 kHz. The sequence of photographs presented in Fig. 3 gives an example of the generation of sliding discharge with a fixed nanosecond pulse V P of 6.2 kV and different DC voltages V DC . The discharge images are taken using a digital camera (D60, Nikon) with an exposure time of 3 s.
When V DC is 0 kV, the discharge pattern is nanosecond-pulse DBD, as shown in Fig. 3(a) , with a plasma extension confined in the area around electrode 1 without occurrence of the prior extension of some channels which often appears in the case of an AC voltage with a lower frequency. With the increase in V DC , the discharge channels extend synchronously toward electrode 3 on the whole, but no filaments can reach electrode 3, as shown in Fig. 3(b) . With a further increase in V DC , some filaments arrive at electrode 3, as is seen in Fig. 3(c) . When V DC reaches about −12 kV, the diffuse-like discharge called nanosecond-pulse sliding discharge is formed. It can be seen that the nanosecond-pulse sliding discharge can lead to a stable approximately-even plasma using the proposed plasma sheet actuator energized by a proper value of repetitive nanosecond pulsed voltage V P with a negative DC component V DC . Compared to DBD, the DC component promotes the extension of discharge, resulting in the generation of stable sliding discharge [19] .
Electrical properties
The waveforms corresponding to v p (t) and i(t) are presented in Fig. 4 for a completely developed sliding discharge situation with V P =7.24 kV and V DC = −12 kV.
Fig.4 Waveform of vp(t) and i(t) with VP = 7.24 kV and VDC = −12 kV
Both the rise time and the half-amplitude duration of v p (t) increase dramatically due to the capacity of the plasma aerodynamic actuator. Though the applied voltage is of unipolar positive pulse, positive and negative current spikes are observed. The maximum discharge current of nanosecond-pulse sliding discharge is 1.4 A, which is significantly different from the discharge current in microsecond discharge plasma aerodynamic actuation with an amplitude typically in an order of tens to hundreds of mA. Thus, the peak dissipated power of nanosecond-pulse sliding discharge is much higher than the microsecond discharge, which is beneficial for plasma flow control [20, 21] .
PIV test results
The PIV test results of the gas flow induced by the plasma sheet actuator are shown in Fig. 5 as driven by a fixed pulse voltage of V P and different V DC values. In Fig. 5 , electrode 1 is at a position of 0 mm.
The gas flow induced by nanosecond-pulse DBD at the top of electrode 1 is in the direction of top-left, as is seen in Fig. 5(a) . The maximum velocity of the induced gas flow is below 0.12 m/s. The vorticity of the induced gas flow is within a range from −4 to 4. It is in accordance with ROUPASSOV's conclusion that the gas velocities show near-zero values for nanosecond pulses [5] . It can be seen from Fig. 5(b) and (c) that a negative DC component applied to electrode 3 can significantly change the flow topology induced by DBD. The sliding discharge induces a depression above electrode 1 and then the fluid is accelerated tangentially to the wall towards electrode 3. At V DC of −8 kV, the maximum velocity of the induced gas flow reaches 1.16 m/s, about ten times as large as that without a DC component. The vorticity of the induced gas flow is within the range from −50 to 50, which is much higher than that without a DC component. At V DC = −12 kV, the maximum velocity of the induced gas flow can reach 1.4 m/s, which is larger than that at V DC = −8 kV. It can be inferred from the PIV test results that a negative DC component increases the electric field intensity over the plasma sheet actuator, leading to an acceleration of ion movement as well as more frequent collisions between ions and neutral gas molecules, thus the fluid is much accelerated. The gas flow velocity induced increases with the increase in V DC , due to the increasing Coulomb forces applied to the charge particles.
Induced body force
Time-averaged body force can provide an additional insight into the phenomenology associated with the momentum transfer to the air by the plasma aerodynamic actuation [15, 16] . The plasma aerodynamic actuator causes a body force on the air in the vicinity of the plasma. The body force is caused by the electric field brought on the ions in plasma. The mean free path of ions is extremely short, in an order of 60 nm, and the collision frequency with neutrals is extremely high, about 10 10 /sec. As a result, the body force essentially acts on the air as a whole, not just on the ions. The body force accelerates the flow in the vicinity of the actuator. The increased velocity near the surface increases the surface shear force. A reaction force exists on the actuator which is the sum of the body force and the total shear force, acting in the opposite directions [16] . In this paper, measurements are presented of the body force acting on the air, brought about by the plasma actuator using an electronic balance on a control volume near a surface with an imposed boundary layer [17] . With a fixed pulse repetition frequency of 1 kHz, the induced body force as a function of V DC for different pulse amplitudes of V P is shown in Fig. 6 .
At V P of 0 kV, the induced body force is near zero with different V DC values. Measurements on discharge morphology and induced body force revealed that a negative DC corona discharge occurs between electrodes 1 and 3 over the plasma sheet actuator, as shown in Fig. 1 .
At V DC of 0 kV and with V P varying between 6.2 kV and 8 kV, nanosecond-pulsed DBD is established between electrodes 1 and 3. The induced body force is near zero with different V P values. It can be inferred from Fig. 6 that the body force induced by DBD when driven by repetitive nanosecond pulses is very low, which is different from that of continuous sine wave or microsecond pulsed voltage. When the electrode is energized by continuous sine wave or microsecond pulsed voltage, the induced body force is in an order of mN [15, 18] . At a constant V P and with V DC increased from 0 kV to −14 kV, the induced body force varies slightly between −0.08 mN and 0.05 mN as the DC component is below −8 kV. Then, with the variation of V DC from −8 kV to −14 kV, the induced body force increases dramatically. Combined with the morphology of the discharge in Fig. 3 , it can be inferred that nanosecondpulsed sliding discharge can sustain more intensive diffusive sliding discharge as well as high ion densities in the cathode sheath of electric discharge on the plasma sheet actuator with a higher negative DC component. The intensive sliding discharge plasma can transfer more momentum to the air and result in an increase in the body force.
At a fixed V P of 8 kV, the effect of the pulse repetition frequency on the time-averaged body force is as shown in Fig. 7 . With the increase in pulse repetition frequency, the body force increases too for different V DC values, which is in accordance with BAUGHN's result [16] . It can be inferred from the test results that much momentum is transferred between ions and neutral gas molecules at higher pulse repetition frequency. 
Discussion
In forming a nanosecond-pulsed sliding discharge, the repetitive nanosecond-pulses play the role of an 'ionizer' that generates positive ions. The DC component causes an increase in the electric field intensity over the plasma aerodynamic actuator, resulting in an acceleration of ion motion as well as frequent collisions between ions and neutral gas molecules and hence increasing the induced body force and gas flow velocity.
Other explanation to the increment in both velocity and body force is that the electrical power consumption increases with the ascending of V DC (absolute value) when V P is fixed. For instance, with V P =7.2 kV, P elec =7.5 W for DBD while P elec is equal to 7.9 W and 8.1 W for sliding discharge, for a DC component of −10 kV and −12 kV, respectively. The power consumption of nanosecond-pulsed sliding discharge is lower than that of microsecond sliding discharge [18] . When the plasma sheet actuator is driven by repetitive nanosecond pulses with a negative DC component, pulsed-periodic perturbation is also produced in addition to the gas flow acceleration [7] . In this circumstance, a strong perturbation is vital to enhance the flow separation control effect. Limited by the test facilities, the strong pulsed-periodic perturbation was not investigated. In future investigations, work can be done to further investigate the characteristics of nanosecond-pulsed sliding discharge. ICCD (intensified charge coupled device) can be used to determine the spatial-temporal characteristics of the discharge. A Schlieren photography system should be used to investigate the strong perturbation. An experiment on flow separation control with nanosecond-pulsed sliding discharge can also be conducted. PIV and other test facilities should be used to analyze the control effect and mechanism.
Conclusion
Intensive diffusive sliding discharge was generated using a three-electrode plasma sheet actuator driven by repetitive nanosecond pulses with a negative DC component. Discharge morphology shows that the plasma extension generated by the sliding discharge expands remarkably compared to single DBD.
Results of PIV test demonstrate that the negative DC component applied to a third electrode could significantly modify the topology of the flow induced by DBD. Both maximum velocity and vorticity increase significantly. Measurement on time-averaged body force shows that the body force induced by sliding discharge is larger than that by DBD with same amplitude and waveform of V P .
Based on the measured results, one finds that repetitive nanosecond pulses are favorable to the formation of a sliding discharge while the DC component increases the intensity of the discharge as well as ion densities in the cathode sheath. It is inferred from the test results that the nanosecond-pulsed sliding discharge is a preferable generation mode for plasma aerodynamic actuation. The characteristics of the sliding discharge will show its great potential in flow control.
